—

AD-751 864 \\

ROTARY SWAGED RAPID-FIRE GUN BARRELS

D. C. Drennen. et al

Batielle Memorial Institute

_J

-

T AT AT e,

2repared for:

Army Wezpons Command

August 1972

DISTRIBUTED BY:

National Technical Inforatio eice
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151

by




L T T T T M e, L SR e T TS M e e
<

A —— - -

i

AD

SWERR-TR-72-56

ROTARY SWAGED RAPID-FIRE GUN BARREL:

»

AD751864

August 1972

AT MR IV AT A L AR s #Ti - LR

(R

TECHNICAL REPORT

o
AR B S N

D. C. Drennen, Dr. C. M. Jackson
" Battelle Memorial Institute
and

R. B. Miclot, Dr. K. R. lyer
USAWECOM

AELE
MPAGRITIN ST 23 Rty T ACR e  SR 4

PR
> dtnas,

RESEARCH DIRECTORATE

Reproducea by

'a NATIONAL TECHNICAL
.

i+ INFORMATION SERVICE  WEAPONS LABORATORY USAHECOM ' -

Springfield VA 22151

RESEARCH, DEVELOPMENT AND ENGINEERING DIRECTORATE

dtai of Rustratiors &5 U S, ARMY WEAPONS COMMAND
4 s documctt may be better
] ; mmz o micoefiche

" Approved for public release, distribution unlimited.




Pakipetiai

Fe A

a7 A % B B 1t E e i Yo i 2 ® dammn

.

LantP

s

H

i -

]

bsiarsimox EALHERNH TR

O el o vh

|
|
l

DISPOSITION INSTRUCTIONS:

Destroy this report when it is nc longer needed. Do
not return it to the originator.

DISCLAIMER:

The findings of this report are not to be construed as
and official Department of the Army position unless so
designated by other authorized documents.

The citation of commercial products in this repert does
not constitute an official indorsement or approval of such
products.

TR em—————
STt v_l-“

L *”
. .
w." n'J rj
B4 STV ' '
., o,

|
|




Uncliassified

3 . Secunty Classif:cation

2 DOCLRIENT CONTROL DATA-R& D . 1
- (fecursty classilscation of ti22e. body of ond inlesmg sust e d wSen the report Is <l fledy

E: t OMISINATING ACT:¥i vV (Corpovate auther) i20. REFCRT 3ECURITY CLASSIFICATION
4 U.S. Army Weapons Command Battelle Mem. Inst| Unclassified

2 Res.,Dev. & £ng. Dir. 505 King Avenue . cRaus

5 Rock Island, I11 61201 Columbus, Ohio 432D

; Y REPCORTY TIiTLE

E: ROTARY SWAGED RAPID-FIRE GUH BARRELS (U)

s

4 DESCRIPTIVE NOTES (Typs of repors end Inclusive dates)

.. 3 AUTHORIS) (Firel nem., midile Initiss, last name)

73 D. C. Drennen, C.M. Jackson - Battelle Memorial Institute

| R. B. Miclot and K. R. Iyer - USAWECOM

‘ 8 REPORT DATE 78. TOTAL NO. OF PAGES 7b. NO. OF REFS

] August 1972 87 9

-& & CONTRACTY OR GRANT NO. 98, ORIGCINATOR’S REFORT NUMBERIS)

3 »DAR703;70-C-0005 SWERR-TR-72-56

G DA 14562604A607

A <. 9b. OTHER REPORT NOI(S) (Any other numbers that mey be sssigned
e thie report)

3 (AMS Code 5524.11.80700.03

. 10 DISTRIBUTION STATEMENT

‘Q Approved for public release, distribution unlimited.

&

\ ¥ 11 SUPPLEMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY

? U. S. Army Weapons Command

G '3 48TRECT A program was undertaken by the-Research Directorate, Weapons

= Laboratory USAWECOM, to investigate the feasibility of forming 7.62mm

¢ rifled gun barrels from three high-temperature alloys and a stainless

A steel by swaging. The high-temperature superalloys selected for evalu-
i ation were Inconel 718, Udimet 700, and Crucible CG-27, whereas the

3 stainless stee} was Armco 21-6-9. Gun barrel blanks of each alloy were
prepared by gun drilling. Twenty-two rifled 7.62mm gun barrel blanks of

3 the four selected materials were formed by swaging without any insoivable
E: problems. Evaluation of the as-swaged blanks revealed that high quality
-4 gun barrels can be formed from each of these alloys. Further analyses,
B conducted on short samples of the swaged barrel bianks, showed that the
N age-hardenable alloys can be heat treated without destroying the bore

i configuration. As-swaged barrel Blanks of Inconel 718 and Udimet 700 were
3 heat treated and 7.62mm M60 barrels were fabricated from these blanks.

.% These completed barrels and the nonheat-treatable Armco 21-6-9 were test
1

fired, metallurgically analyzed, and their performance charactericcics
5 were documented. The performance characteristics of Crucible CG-27, as
3 a rapid-fire small caliber gun barrel, will be presented in a separate

¥

I

g ! !
B technical report. (U) (Drennen, D.C., Jackson, C.M., Miclot, R.B., and
? Iyer, K. R.)

o

F: o ITNTIARD

. 1.4 ABPLACKS DD FORM 1479, JAN 04, WHICH 18

- DD ' NOV “1473 OBSOLETE FOR ARMY USE. Unclassified

e Secunty Classification

3
R s
3
¥
P
]




0

FeRmToCh

i

2t s

&
0%
s

Unclassified

Security Classification

XEY WORDS

LINK A LiN o

LINK C

AOLE

wT L1-1% 4 wT

ROLL wT

Rotary Swaging

7.62mm Gun Barrels

Iron Base Superalloys
Nickel Base Superalloys

Stainless Steel

Unclassified

Secuiity Classification




B 1 B i B
RIYRT e EC A b i

";T;,é

[ feypxid b
R AR £ 2 &

L. W
Cipkaonn o cx
Rad et

RS D

—

W@%&Wgy N o
SRRty

RESEARCH DIRECTORATE
WEAPONS LABORATORY USAWECOM

RESEARCH, DEVELOPMENT AND ENGINEERING DIRECTORATE

U. S. ARMY WEAPONS COMMAND

TECHNICAL REPORT
SWERR-TR-72-56

ROTARY SWAGED RAPID-FIRE GUN BARRELS

D. C. Drennen, Dr. C. M. Jackson
Battelle Memorial Institute

and

R. B. Miclot, ODr. K. R. Iyer
USAWECOM

August 1972

Detale of Mustrations M
this decument may be better
studied on micrefiche

DA 1W562604A607 AMS Code 5524.171.80700.03

Approved for public release, distribution unlimited.

i.3




2 Boicosatsras

e
i A
X “", ety

WL A ey

s 00 pxaBE s nd v

ABSTRACT

A program was undertaken by the Research Directorate,
Weapons Laboratory USAWECOM, tuv investigate the feasi-
bility of forming 7.62mm rifled gun barrels from three high-
temperature alloys and a stainless steel by swaging. The
high-temperature superalloys selected for eva.uation were
Inconel 718, lUdimet 700, and Crucible CG-27, whereas the
stainless steel was Armco 21-6-5.

Gun barrel blanks of each alloy were prepared by gun
drilling. Twenty-two rifled 7.62mm gun barrel blanks of
the four selected materials were formed by swaging without
any insolvabie p-oblems. Evaluation of the as-swaged blanks
reveaied that hijh quality gun barrels can be formed from
each ot these alloys. Further analyses, conducted on short
samples of the swaged barrel blanks, showed that the age-
hardenable alloys can be heat treated without destroying
the bore configuration.

As-swaged barrel blanks of Inconel 718 and Udimet 700
were heat treated and 7.62mm M69 barrels were fabricated
from these blanks. These completed barrels and the nonheat-
treatable Armco 21-6-9 were test fired, metallurgically
analyzed, and their perfcrmance characteristics were docu-
mented. The performance characteristics of Crucible CG-27,
as a rapid-fire small caliber gun barrel, will be presented
in a separate technical report.
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FOREWORD

The swaging studies and swaging of blanks made of
superalloys for this program were performed by Battelle
Memorial Institute, Columbus, Ohio, under Contract DAAFOQ3-
70-C-0005. The contract supervisor was R. B. Miclot. The
test firings of the rotary-swaged barreis and the test-firing
analysis were conducted by R. B. Miclot and Dr. K. R. Iyer
of the Researck Directorate, W2apons Laboratory USAWECOM.
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INTRODUCTION

Curvently, U.S. small-arms gun barrels are produced
from Cr-Mo-/ low alloy steels with nominally 0 48 per cent
carbon, heat treated to a hardness of Rockwell C 32-34 The
bore is chromium plated, and may contain a liner of Stellite
21 in the breech end

The Researca Directorate of the Weapons Laboratory
USAWECOM is concerned with the improvement of the perfor-
mance of small-arms gun barrel materials Therefore, a
program was undertaken with the Columbus Laboratories of
Battelle Memorial Institute to study procedures suitable
for manufacturing gun barrels from high-strength materials.
Specifically, the objective of thrs program is to 'nvesti-
gate the feasibility of forming rifled gunr barrels from the
following three high-temperature alloys and a stainless steel
by swaging techniques:

Alloy Alloy Base
Inconel Allpy 718 Nickel
Udimet Alloy U 700 Nickel
Crucible Alloy CG-27 Iren
Armco Alloy 21-6-9 Iron

The barrel to be formed is a 7 62mm gun barre! and the in-
terior configuration is shown in Figure 1

The typical short-time, high-temperature y'eld strengths
of the alloys selected for evaluatron as gun barrel materials
are shown in Figure 2 The principal obje«t'on to using ma-
terials such as these for gun barrels, aside from the 1n-
herently higher cost than that of alloy steel, s that their
machinability and formabil-ty are relatrvely low. Conse-
quently, the applicability of the rotary swage to the rifling

of gun barrel bores to offset cost disadvantages was inves-
tigated

LITERATURE SEARCH AND FIELD SURVE:

The technical literature concerning the 'nternal swaging
of gun barrels was examined A very lymited amount of in-
formation was found on (1) the design of, and materrals for,
dies and mandrels, (2) tha starting blank contigurat cn, (3)
reductions in area requived, (4) feeding methods for the

workpiece, and (5) lubricants used during the forming oper-
ation.
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ba— 0.167 + 0.010 —

(4 Places)
After Machining

T

N Groove
0.3080 dia. + 0.00I5
. After Machining

~ iz

! yd ’ 0.3000 dia. + 0.0015

/ After Machining
|

0.002 R max. (Typ.) Scale : 10/}
After Machining

-

Constant Twist Rifling ,! R.H. turnin 10 inches

FIGURE 1 Interior Configuration,
7.62mm Gun Barrel
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FIGURE 2 High~Temperature Yield Strengths of

Selected Gun Barrel Materiais
Compared to Cr-Mo-V Steel
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The five companies listed below were consulted to
learn more about the experience they have had in the swaging
of gun barrels:

Cincinnati Milling Machine Company

Champion Tool and Die Company

Fellows Gear Shaper Company

Atrax Division of Wallace-Murray Corporation
Fenn Manufacturing Company

Champion Tool and Die Company, and Fellows Gear Shaper
Company have had a great deal of experience in the produc-
tion of gun barrels by swaging. Fellows uses a Multiflow
machine, which they designed and manufacture. Champion
uses an Intraform machine, which was designed and is manu-
factured by the Cincinnati Milling Machine Company.

The Atrax Division is a supplier of high-quality tung-
sten carbide rifling mandrels used in the swaging of gun
barrels. Furthermore, they are the only known company, ac-
cording to Champion and Fellows, that has the capability to
machine the required precise rifling grooves in the carbide
mandrels.

Fenn Manufacturing Company is a manufacturer of two-
and four-die rotary swagers. They have not don~ any gun
barrel swaging, but have had some experience with swaging
of tubes with various internal configurations.

From the discussions with the appropriate personnel at
the aforementioned companies, the conclusions were that
(1) a two-die swager will not yield the required accuracy
for cold swaging gun barrels, (2) a four-die swager with a
very large capacity is required for gun barrel swaging,
(3) full-length rifling mandrels cannot be used in the swag-
ing of gun barrels because thev will shear during the elon-
gation of the workpiece, (4) snort tungsten carbide mandrels
must be used to swage the ID contour of gun barrels, and
(5) neither the Cincinnati Intraform nor the Fellows Multi-
flow machine is capable of hot swaging.




EXPERIMENTAL WORK

——

Materials

The certified chemical compositions of the alloys
selected for this investigaticon are given in Table I. The
alloys were procured in the form of annealed, centerless
ground rods. All materials except Crucible CG-27 were re-
ceived in the condition ordered, which is given in Table II.
After the Gun barie! blanks of CG-27 had been prepared,
hardness measurements indicated that the alloy was supplied
in the aged condition rather than in the solution-annealed
condition. Therefore, the gun barrel blanks of CG-27 were
annealed since this alloy would be expected to exhibit
better cold-forming behavior in the annealed condition. The
heat treatment of the CG-27 blanks is discussed later.

With the exception of Inconel 718, the rods of each
alloy were 1.6G0 inches in diameter. Inconel 718 was ordered
and received as 1.500-inch-diameter rods because this size
was available from stock. In addition, 1.015-inch-diameter
Inconel 718 rod was purchased for use in the pveliminary
cold swaging trials discussed in the following section.

Preliminary Cold-Swaging Trials

The Columbus Laboratories of Battelle has a 2-die
rotary swager, made by Fenn Manufacturing Company, which was
designed to handle rods up to a diameter of 3/4 inch. How-
ever, the Laboratories were informed by Fenn that the swager
might well be capable of reducing the nominal 1.5 inch 00 X
0.330-inch ID tubes required for the gun barrel blanks.

To determine the capabilities of the swager, a 1.015-
inch-diameter round bar of Inconel 718 in the solution
annealed condition (1950°F - 1 hour - air cooled) was cold
swaged to approximately 20 per cent reduction in area 1in
one pass. The rod was held manually. During the swaging
operation, the swager nearly stalled. In addition, the
Inconel 718 rod became siightly bent because of manual swag-
ing.

On the basis of the results of the preliminary cold
swaging trials, conclusions were that (13 the Fenn swager
does not have enough capacity to form gun barrels from 1.5-
inch-diameter tubes and (Z) an elaborate special fixture
would be required to hold the workpiece during the swaging

operation to maintain straightness.
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TABLE II SPECIFIED HEAT TREATMENT OF ALLOYS FOR
COLD-SWAGING TRIALS

L -

Alloy Specified Heat Treatment

1950 F -~ 1 hour - air cool

1950 to 2050 F -~ 1 hour - rapid air
cool

1925 F - 1 hour ~ air cool
1875 to 1900 F ~ 1 hour - oil quench

Inconel Alloy 718
Armco Alloy 21-69

Udimet Alioy U 700
Crucible Alloy CG-27

[y

AR B S e e b

SR B A S SRR AR e R



s

g
33 Fxm
LA

Rse Ty

Y-
Tl T

LG

Sadicacnis

g,

eyl 4R i PN
2 : Sposiad
22y it Gy

4
s

Preparation of Gun Barrel Blanks

The rods of each alloy were cut and faced-off to a
length of 20 inches. Then the rods were gun drilied and
machined by Howard Dearborn, Inc., Berea, Ohio, into blanks
designed as shown in Figure 3 to yield full-length gun
barrels. The final 0D of the Inconel 718 was slightly under
1.500 inches, since the starting diameter was only 1.500
inches. The major function of the machining operation was
to obtain concentricity of the outer diameter (0D) and the
inner diameter (iD) which is very critical in swaging gun
barrel blanks.

Heat Treatment of Crucible Alloy CG-27 Blanks

As mentioned previously, heat treatment of the
Crucible CG-27 gun barrel blanks was necessary since this

material was not supplied in the solution-annealed condition.

Prior to heat treating all CG-27 blanks, a brief
study was made to determine the effect of the heat-treating
time and cooling method on the nhardness and straightness of
the alloy. Blank 41, a 3-3/4-inch-long piece of Blank 46,
and 1-inch-long pieces of the undrilled 1.600~inch-diameter

rod were annealed at 1900°F for 1 to 4 hours and air cooled
or 0il quenched.

The hardness data given in Table III indicated
that, with air cooling, the optimum annealing time was be-
tween 2 and 3 hours. With oil quenching, the hardness
dropped to a much lower hardness level.

In another experiment, a gun barrel blank, No. 41,
was annealed in an argon atmosphere at 1900°F for 1 hour
and air cooled. The straightness of this blank was off by
a total indicator reading ?T.I.R.) of only 0.002 inch.

Since the straightness of Blank 41 was very good,
the remaining blanks of Crucible CG-27 were heat treated by
use of air ccoling rather than oil cuenching, even though
the terminal hardness was 15 Rockwell C points higher for
air-cooled material. However, the higher hurdnecss level
was not expected to impair the swageability of the alloy,
while the possibility of warpage occurring is reduced by
air cooling rather than oil quenching.
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3 (!a) This gample was given an additional 1 hour heat tfcatment "and
. slow air cooled to determiner the 2ff-ct of ecooling rate, )
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e Thus, full-size Blanks 41, 47, 43, 44, and 45,

e : and 2-1/2- and 9-inch lengths of Blank 46 were annealed in
1 an argsn atmosphere at 1900°F for 2-1/2 hours (Blank 41

?j had a total of 3-1/2 hours at 1900°F) and air cooled. The

: straighitness of the full-lengtn blarks varied from 0.003
P to 0.€07 inch T.i.R. The measurements for each biank were
k- as fullows:

! blank Straightness (In.) - T.I.R.
3 | 11 9.007

7 ' 42 0.004

i ’ 43 0.G06

e 44 0.003

- 45 0.0034

i After the heat treatment, the Crucible CG-27 blanks were
» vapor biasted on the ID and 0D tc remove a slight oxide .
i ; film and then cleaned thoroughly with water and acetone. ;

Evaluation of Gun Barrel Blanks

q Machinability

- The machinability rating ¢f the alloys, based on :
b facing off the ends, machining the 0D, and gun driiling are :
P as follows: ‘
A ; Rating Alloy z
e : 5
e 1 Armco 21-6-9 (easiest to machine) a
& f’ 2 Udimet 700 !
El 3 Crucible CG-27

. 4 Inconel 718 (most difticult to machine)

et

24

Armco 21-6-9 was much easier to machine than any of the other
alloys. On the other hand, a large difference did not occur

A in the machinability among Udimet 700, Crucible CG-27, and
i Inconel 718.

- Surface Finish

5 : Surface roughness measurements were made on the
E: ID and 0D of the gun barrel blanks of each alloy. A blank
k. was sectioned for longitudinal measurement of the roughness
N along the surface of the 1D and for metallographic studies.

The surface finish was determined by centerline average (CLA)
which has replaced the RMS method.
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The follow'ng data show that 2 good surface was
obtained on the ID by gqun drilling The 0D swrface was
also quite smooth

Surface F=nish, Hicroinch

Alloy Sample iD 0D
Inconel 718 1638 52 70
Armco 21-6-9 2€3R 17 56
Udimet 700 363B 32 142
Crucible CG-27 463B 26 125

Metallographic Studies

A gun barrel biank of each allcy was cut into
transverse and longitudinal sections and prepared for
metallograph ¢ examination. Photomicrographs of the trans-
verse sections at the ID of the alioys are presented in
Figure 4.

Metallographic examinatioa of Inconel 718 re-
vealed the typical microstructure for this alloy in the
solution-annealed conditicn (1950 F - 1 hour - air cool;.
The alloy :-onsists of a generally fine-grained austenitic
matrix containing a moderate amount of irtragranular pre-
cipitates, presumed to be complex carbrdes and carboni-
trides In the longitudinal sample, the precipitates ten-
ded to be aligned n stringers runn:ng perallel to the long
axis of the blank.

The microstructure of Armco 2'-6-9 consists of a
fine-grained austenitic matrix containing a small quantity
of gray nonmetallic inclusions, presumed to be manganese
sulfide These 1nclusions tended to be alrgned with the
Tong ax1s of the blank 'n the 'ongitudina® sample.

~The microstructure of Udimet 700 consists of a
very fine-grained, mottled austenitrc matrix with a large
quantity of inter- and intragranular precip:tates, presumed
to be compicox carbides and carbonitrrdes The precipitates
are aligned in oands in the longrtudinal direction The
pronounced banding ind'cates a lack of homogeneity in the
alloy

Examipation of Crucible CG-27 revealed a very

fine-grained, austenitic matrix containing generally small
spherical inter- and intragranu'ar preciprtates, but with
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200x

20 Glycerine-2G EC1-10 EN03
Inconzl 718: Sample Ne, 166

82273

Heat Treatmeznt: 1950 F - 3 hour - air cool

200X

Heat Treatment:

FIGURE 4
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Transverse Sections of Gun Barre}
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E - . .
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k 200% 20 Glycerine-20 HC1-1C HNO4 8E275
< Crucible CG-27: Sample No, 468
3 Heat Treatment: 1900 F - 2-1/2 hours - rapid air cool

3 FIGURE 4 (Continued)
k- Transverse Sections of Gun Barrel Blanks
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£
; a few large precipitates that appear to be titanium carbeni-
2 trides. A tendency exists for the small precipitates to
A be located intragranularly near the ID and 0D, but inter-
1 granulariy at the interior of the wall of the blank. The
grain boundary precipitates are discontinuous. A slight

= lcngitudinal alignment of the precipitates occurs in the
g Tongitudinal sample.

.3 ; Hardness Studies

S Vickers hardness measurements were taken on the
g transverse metallographic samples of the gun barrel blanks
£ of the alloys. Five hardness measurements were made along
F four radial traverses on each alloy. The radial traverses
S were approximately 45 degrees apart with impressions about

E 100 mils (0.1 inch) from each other.

A The hardness data are presepted in Table IV. These
] data indicate that the hardness of Inconel 718 is somewhat

g ‘higher than expected, while the hardness of Armco 21-6-9

g and Udimet 700 is just about the typical value for these

E: alloys. The hardness of CG-27 is close to the anticipated
value, hased on the data obtained and presented ir an earlier
section of this report concerning the preparation of the gun
barrel blanks. However, the hardness is about 19 Rockwell C
points higher than that of material that is oil quenched
rather than air cooled after solution annealing.

fs ANTE %S e o

i The data show that the hardnesses of Armco 21-6-9
e and Udimet 700 are lowest near the ID and become increas-
T ingly higher toward the 0D. On the other hand, Inconel
, 718 is hardest near the ID and becomes increasingly softer
5 toward the 0D. Crucible CG-27 shows a slignht hardness
trend similar to that of Inconel 718.

Based on the hardnesses of the alloys, Armco
21-6-9 and Inconel 718 were expected to exhibit the best
' formability during the swaging of the gun barrels. Crucible
' CG-27 was expected to exhibit slightly poorer forming be-
havior than Inconel 718, while the formability of Udimet
700 was expected to be less than that of Crucible CG-27.

3
e S

X 5, b
R S N P R A

6 Coid Swaging of Gun Barrels

_ Fellows Gear Shaper Company in Springfield, Vermont,
b was selected as,the contractor for the swaging. Fellows
3 was chosen because this company has (1) swaging machines
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capable of producing gun barrels with rifling grooves,

(2§ a great deal of experience with internal swaging of
contours including the rifling in gun barrels, (3) offered
to furnish the required tooling including swaging dies and
mandrels, and (4) offered to conduct the swaging trials at
a reasonable cost.

Eguipment and Tooling

A photcgraph of the Fellows Multiflow machine
used for the experimental cold swaging of the 7.62mm rifled
gun barrels is shown in Figure 5. The Multiflow machine
was desidgned and built by Fellows. It is a stationary
4-die machine with a 500-ton load capacity. The machine has
~automatic feeding and positioning mechanisms which position
the mandrel in tne dies, rotate the blank counterclockwise
‘and feed the biank over the mandrel and through the swaging
dies. The mandrel is held in a predetermined axial position
in the dies, but-is free to rotate. During the swaging oper-
ation, the dies and blank are flooded with a coolant called
Mentor 28.* The dies contact the blank at the rate of 1500
times per minute. A work receiver located on the exit side
of the die exerts back pressure on the gun barrel blank, as
it leaves the die, which helps maintain the straightness cf
the blank during swaging. The work receiver is hollow so
that the coolant, Mentor 28, can be forced into the bore of
the gun barrel blank during swaging to cool the mandrel and
the blank. After the blank is formed, the dies automatically
open, the receiver pushes the blank back to its original
starting point, and the finished blank is 1ifted from the
machine cradle.

A drawing (Fellows Drawing D-4324-FA) of the dies
designed by Fellows Co. and used in the swaging of gun barrel
blanks is included as Figure 6. The dies were made from
SAE M2 nonresulphurized steel hardened to 59 to 61 Rockwell C
and bright stress-relieved after the profile section of the
dies was finished.

*A product of Esso International, Inc., New York, Mew York 10019
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FIGURE 5 Multiflow Machine During Cold
Swaging of Gun Barrel Blanks
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A drawing (Fellows Drawing 65-05-1047-2) of the
rifling mandrel is shown in Figure 7. The mandrel was de-
signed by Fellows Co. to produce the specified bore for the
7.62mm gun barrels. Three mandrels were made for Fellows
by Atrax Division of Wallace-Murray Corporation who, ac-
cording to several sources including Fellows, is the only
company tnat has the capability of machining the rifling
in the mandrels. One mandrel was machined from General
Electric Carboloy, Grade 248, while the other two were ma-
chined from General Electric Carboloy; Grade 55B. Both
grades performed well.

The rifling mandrel was silver soldered to the
mandrel holder, which was described earlier.

Procedure

The following procedure was followed in swaging
the gun barrel blanks:

(1) The ID and OD of each gun barrel blank was cleaned
thoroughly with acetone and then swabbed with a
gun cleaning rod and dry cloth swabs.

(2) The ID of each blank was coated thoroughly by
swabbing and then pouring Houghton Cindol 624*
lubricant through the blank.

(3) The blank was placed on the cradle of the
Multiflow machine.

(4) The automatic sequencing was started in which the
btank was positioned, the mandrel was inserted
through the blank and positioned in the die, the
driver and the receiver engaged the blank, and
the blank was rotated and fed into the pulsating
swaging dies.

*A product of E. F., Houghton Company, Philadelphia, Pa. 19133
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B (5) After the gun barrel blank was formed, the dies
- automatically opened, the receiver blank pushed
b the blank back to its original position, the

- mandrel was extracted and the blank returned to

the cradle of the machine.

i (6) The gun barrel blank was removed from the machine
and the trailing end (about 10 inches) of the
blank was immersed in a bucket of water. The
water served to cool the blank and to clean out
the lubricant.

(7) The ID of the barrel blank was cleaned with water-
soaked swabs on a gun cleaning rod.

(8) The ID of the barrel blank was dried with swabs
on gun-cleaning rods.

-8 (9) The ID of the barrel blank was inspected by a
borescope.

Results and Discussion

Five gun barrel blanks each of Incocnel 718, Armco
21-6-9, and Crucible CG-27 and seven gun barrels of Udimet
E 700 were formed by cold swaging blanks of each alloy. Data
4 taken during the cold swaging trials are given in Appendix A.

={” A typical gun barrel blank of each alloy is shown in Figure 8.

y The length of the swaged blanks ranged from about 25-1/8 to
3 27-9/16 inches; the 0D ranged from 1.260 to 1.330 inches,

3 dependent upon the die closing setting (wedge position dial
numbers in Table A-1).

% No severe problems were encountered during the
ke swaging of the blanks except with Crucible CG-27. Pinkup
of material on the mandrel occurred during the first three
swaging trials with this alloy. Changing the following
var;ab}es of the swaging process eiiminated pickup on the
mandrel:

(1) Feeding rate of the blank was decreased from
20 to 12 inches per minute.

(2) Rotational speed of the blank was decreased
from 130 to 105 rpm.

b (3) Thickness of the shims behind each of one pair
of dies was increased from 0.004 to 0.008 inch.
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Evalyatica of Swaged Blanks

Nondestructive Testing

The bore of each gun barrel blank was examined
twice with a borescope A cursory borescopic examination
was made at Fellows €o immediately afier each gun barrel
biank was formed A detailed examinatrorn of the bore of
each blank was made later. With the excepiion of the Tirst
three swaged gum barrel bizmks {Mes. 41, 22, and 4£3) eof
Crucible €8-27, the examinztions wndicated that the ritling
detail was good ard the surface was smeoih and free oF
cracks Hewewver, several oFf the blanks (Mos. 11, I4, 21.
and 33) contained swall defectc that appeared to be am in-
herent defect in the material, rather than one cauvsed by
swaging. Pickep of material on fhe mandrel! caused Tongi-
tudinal scuffing along the lands of the Crucidle C&-27
blanks (Nos &1, 42, and 43) Thus, these three C€6-27
bilanks (flos &4 and £5) have good bore surfaces

Surface r¢ aghness ceasurerents were taken on the
ID of one as-swageé gun barrel blank of each ailoy. A
iongitudinai seciion of the blank was used, and the Finish
along a2 Tongitudinal iraverse was defermined by fhe CLA
reihod used eariier to determine the finish of £he gun
barrel blanks

The surface finish data for the ID oF the celd-
swaged gun barrel bianks, and for the ID of the gun drilled
blanks, are presented *n Table V. These data show that the
surface finish of the ID of the swaged Dlanks is nuch betier
than that of the gun drilied blanks. Furtherore, the sur-
face finish of the iD is better ihan that (25 amicroinches)
specified for 7 62co gun barrels :n Rock Island Arsenal
Drawing 1170i204,dated April 14, 1965.

inspection of the 0D oFf the swaged blanks by use
07 dye penetrant ind*cated that all were Free of cracks.
Diameter measurenents showed that maximum out-of-roundness
was 0.001 inch.

Straightness measurements revealed that, in
general, the straightness of the blanks was off from 0.003
to 0.009 ynch 7T I R However, two Inconel 718 blanks had
0.013 inch 7.1 R , wh'le another Inconel 718 blank had 0.026
inch T 1R Genera ly, the barrel blank with the largest
deviation was sectioned for metallographic excmination and
hardness determination, although the quality of the bore
was also a determining factor.
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A tabuiation of the diameter and straightness
measurements is presented in Appendix B.

e o i Am i ot

; f On the basis of the borescopic examination of
4 the bore and che straightness measurements, a quality rating
was assigned to each barrel blank. The ratings, given in
P Table VI, were made by a comparison of the blanks of the
b ' same alloy, rather than by a comparison of all blanks with
; each cther.

Metallographic Examination of As-Swaged Samples
of Gun Barrel Blanks

Longitudinal and transverse sections of one or
more blanks of each alloy were removed and prepared for
metallographic examination and hardness determinations.

e m e e e e e p e e an e b o e

! Photomicrographs of transverse and longitudinal
‘ sections of a gun barrel blank sample of each alloy at the
bore surface are shown in Figures 9 through 12. These
E photomicrographs show that the surfaces of the as-swaged
¥ g samples of each alloy are very smooth. Also, the sharp

‘ detail of the lands for each of the samples can be seen.

The gun barrol blank sample of Udimet 700 con-
tained occasional microtears along the bore surface at areas
where precipitates intersected the bore surface, These
microtears run about 1-mil deep and can be seen in Figure 11.

The microstructures of the as-swaged samples of ‘
all four alloys were similar to those observed in the samples ’
of the gun drilled blanks, although siight differences oc-
curred that had been produced by cold swaging. For example,
the Inconel 718 and the Udimet 700 samples tended to have
a shallow (from 0.5 to 1.5 mils deep) cold-worked layer along
the bore. The Inconel 718 sample (Figure 9) contained coring
; lines throughout the longitudinal section. These coring
! Tines indicate the existence of slight inhomogeneity in the .
; chemical composition of the alloy. Armco 21-6-9 (Figure 10) )
: ; also contained the coring lines as well as pronounced me-
. | chanical twins within the grains.

3

-3 : The grains in the transverse samples of each alloy

Y are equiaxed and do not appear to be deformed. On the other :
3 hand, the grains in the longitudinal samples of Inconel 718, ‘
k. Armco 21-6-9, and Crucible £G-27 are elongated in a direction

parallel to the axis of the blank. The longitudinal sample i
(Figure 17) of Udimet 700, however, does not show any appre- ;
ciable evidence of coid work caused by swaging.

26
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TABLE VI QUALITY RATING OF EXPERIMENTAL 7.€2-mm GUN BARRELS

Gun ‘ ; -(a)

: Quality
| Barrel .
: i Blank Alloy Rating
g j
' 11 Inconel 718 4
| 12 Inconel 718 5
1 13 Inconel 718 2
;-! 14 Inconel 718 3
15 © Inconel 718 1
21 " Armco 21-6-9 1
3 . 22 Armco 21-6-9 5
R 23 Armco 21-6-9 3
3 24 Armco 21-6-9 4
" 25 Armco 21-6-9 2
» 31 Udimet 700 3
32 Udimet 700 5
33 Udimet 700 6
34 Udimet 700 2
' 35 Udimet 700 A
, 37 Udimet 700 7
! 38 Udimet 700 1
41 Crucible CG-27 5
. 42 Crucible CG-27 3
' 43 Crucible GG-27 4
44 Crucible CG-27 1
2

; 45 Crucible CG-27
]

(a) A rating of "1" indicates, for a particular alloy, the barrel with
the highest quality.
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FIGURE 9

20 Glycerine-20 HC1~10 HNO4
Transverse Sample No, 126
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Metallographic Examination of Heat-Treated
Samples of Gun Barrel Blanks

Three of the four selected gun barrel materials,
Inconel 718, Udimet 700, and Crucible CG-27, are age-hard-
enable. Thus, they are normally &nnealed and aged to develon
maximum strength before being placed in service. The usual,
heat treatments for the three alloys are given in Table VII.
Armco 21-6-9 is not hardenable by heat treatment; however,
it is hardenable by working such as cold swaging.

TABLE VII ~ HEAT TREATMENTS FOR AGE-HARDENABLE, SELECTED
GUN BARREL MATERIALS

Udimet 700
Solution annealing: 2150°F/4 hr/AC
High-temperature aging: 1975°F/4 hr/AC
Intermediate aging: 1550°F/25 hr/AC
Final aging: 1440°F/16 hr/AC

Inconel 718

Anneal: 1800°F/1 hr/AC

Age: Hold 8 hr at 1325°F, furnace cool to
1150°F at the rate of 100°F/hr, hold at
1150°F for 8 hr and air cool.

Crucible CG-27

Solution annealing: 1875 to 1900°F for 1/2 hr/0Q
Intermediate aging: 1450°F/16 hr/AC
Final aging: 1200°F/16 hr/AC

Transverse samples of the gun barrel blanks in the
as-swaged condition were heat treated according to the treat-
ments given in Table VII. These samples were used for
metallographic and hardness studies. The only deviation was

that the annealing time used for Inconel 718 was 1-1/2 hours
rather than 1 hour.
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Because of the concern regarding the effect of
high-temperature annealing on straightness and on bore
dimensions of gun barrels, additional transverse samples
of age-hardenable alloys were given the aging heat treat-
ment without annealing.

For all heat treatments, the following procedure
was used:

(1) Each sample was degreased thoroughly with C.P.
acetone.

(2) Each sample was sealed in a clean vycor tube
after evacuating to about 10°° torr, flushing
several times with high-purity argon and then

backfilling to about 1/2 atmosphere with the
argon.

(3) The sample was annealed and aged or aged only
according to the schedule in Table VII, except
as previously -noted for the Inconel 718 speci-
men. In the solution annealing of Crucible
CG-27, the vycor tube was broken intentionally
during the oil quench. The aging treatment
for this sample was conducted in air.

The heat treatments of the various gun barrel blank samples
are given in Table VIII.

Microstructures of transverse sections of the
heat-treated samples of the swaged blanks are jllustrated
in Figures 13 through 15. The metallic layer along the
core surface is a plating of nickel which was used to pre-
vent rounding of the edges of the samples during prepara-
tion for metaliographic examination.

Heat treatment of Inconel 718 resulted in a
slight coarsaning of the grains and the formation of a dis-
continuous grain-boundary phase nr phases [(believed to be
a carbide or carbides) along with some intragranular pre-
cipitation (compare Figures 9 and 13). Examination of the
sample revealed no cracking.

Heat treatment of Udimet 700 produced considerably

larger grains than were present in the as-swaged sample.

The heat-treated sample contains much fewer intergranular
and intragranular precipitates (presumably carbides) than
did the as-swaged sample, as can be sean by comparison of
Figures 11 &nd 14, Several microtears where precipitates
intersected the surface were observed, as noted earlier

for the as-swaged samples.
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r TABLE VIII  HEAT TREATMENTS USED FOR TRANSVERSE SAMPLES :
OF GUN BARREL BLANKS I

Sample Alloy Heat Treatment(2) o
126 Inconel 718 Solution annealed and aged ‘
1268(P) Inconel 718 Aged
376 Udimet 700 Solution annealed and aged _ %
3768(P) Udimet 700 Aged :
452 Crucible CG-27 Solution annealed and aged
422(b) Crucible CG-27 Aged

(a) Refer to Table VII for details of the heat treatments,
except that the Inconel 718 specimen was solution-
annealed for 1-1/2 hours rather than 1 hour.

{
(b) These samples were sent to the U. S. Army Weapons Command :
at Rock Island for evaluation. 'y
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Transverse Sample No. 452

Heat Treatment: 1875 F-1-1/2 hcurs-oil quench

FIGURE 15

1450 F-16 hours-air cou?
1200 F-16 hours-air cool

Heat-Treated Crucible CG-27
Gun Barrel Sample
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Heat treatasnt of Crucible €&-27 caused a
slight refinemsnt of the grainm sirvocture. Most small intra-
granular precipitates preseet in the as-swaged sample
iFigure 12) were zpparenély dissoived by the heat &reatment
(Figure 15). Heat treatmzat bad no appreciable effect on
grain-bBound:ry precipitate which remained discontinucus.

Mo evidence of cracking was ebserved in the hezi-treated
sampie of Crecibie CE-27.

Photemacragraphs of the heat-treated szmplies
of Imcorcl 718, Udim=et 700, amd Cruciblie €E&-27 are shown in
Figures 16, 17, and 18, respectively. 2 photomacrograph ef
the as-swaged sampie of Armco 21-6-9 which was rot heat
treated is ircluded as Figure 12. These photomacrographs
show tke centour oF the bore discussed in the next section.

Bore Bimepsions

The bore o7 the same metallographic sampie
{a transverse section) of each atloy was measured in the
as-swageé conditien and aiter heat treatment. A Tukon
hardness fester with a stage and Tiiar eyepiece was used
for deternining the bore dimensions fo the near=st 0.0001
Cm. These measuramenis ware converted o inches.

The data in Tabile IX show that the bore di-
nensions of the gun barrel biank sampies before amé aiter
heat treatment are within (or no wore than 0 0003 inch over)
those allowzble by Rock Isiand Arsenal Drawing 11701204,
which specifies 0.300 » 0.€2'5 inch azd 0 308 + 0.0015 inch
for the diameters beiween the lapds and grooves, respeciively.
The heat treatoment caused the bore dimensions of the ailloys
to decrease fiem O 0007 to 0.0016 inch

The roundness o7 211 the as-swaged bla- .
Was very good, as may be seen from the data »n Table iX.
Heat treatment improved the roundness of Udimet 700, while
it decreased very slightly the roundness of Inconel 718 ard
Crucible CG-27

Apparently, gun barrel blanks of the age-
hardenable alloys can be heat treated without destroying <the
bore dimensions.

oL
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20 Glycerine-20 HCL-10 HNO3

Heat Treatment: 1800 F-1-1/2 hours-air cool
1325 F-8 hours-furnace cool to 1150 F
1150 ¥-8 hours-air cool

FIGURE 16 Transverse Section of Heat-Treated
Inconel 718 @un Barrel Sampie 126
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FIGURE 17

20 Glycerine-20 HC1-10 HNOj

Heat Treatment: 2150 F-4 hours-air cool
1975 F-4 hours-air cool
1550 F-25 hours-air cool
1440 F-16 hours-air cool
Transverse Section of Heat-Treated
Ydimet 700 Gun Barrel Sample 376
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20 Glycerine-20 HC1-10 HNOj3

Heat Treatment: 1875 F-1-1/2 hours-oil quench

FIGURE 18

1450 ¥-16 hours-air cool
1200 F-16 hours-air cool

Transverse Section of Heat-Treated
Crucible CG-27 Gun Barrel Sample 452
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FIGURE 19 Transverse Section of As-Swaged
Armco 21-6-9 Gun Barrel! Sample 226
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Hardness Studies

Hardness determinations were made on the same
transverse metallographic samples before and after heat treat-
ment to eliminate any possibie differences caused by use of
different samples. Five Vickers hardness measurements were
taken on the as-swaged samples along each of four radial
traverses which were about 45 degrees apart. The hardness
impressions were about 100 mils apart.

To determine hardness differences across much
smaller distances required Knoop microhardness measurements
of the samples in the as-swaged condition and after heat
treatment. These hardness surveys were conducted along two
radial traverses: one was started at a land and the other
was started at a groove. In addition, circumferential tra-
verses were made along a groove and a land approximately
1 mil from the surface of the bore.

Hardness data for the gun parrel samples
before and after heat treatment are presented in Tables X
and XI, and in Figures 20 through 23. A log scale was$ used
for plotting the distance in the figures to show the com-
plete traverse, while the first six readings close to the
bore were clearly depicting.

The Vickers hardness data in Table X show
that the hardnesses of all gun barrel blank samples were
very high. A comparison of the data in Table IV on the gun
barrel blanks with the data in Tabie X for the as-swaged
samples shows that swaging increased the average hardness
72 VHN points for Inconel 718, 97 points for Armco 21-6-9, °
124 points for Udimet 700, and 106 points for Crucible CG-27.
Furthermore, the data indicate that the hardnesses of all
alloys tend to be lower near the bore and to become progres-
sively higher toward the 0D.

Knoop hardness data in Table XI and in Figures
20 through 23 show that the average hardnesses of the as-swaged
blank samples were very high. The hardnesses were as follows:

Average Knoop Microhardness,

Alloy 100 g. Load
Inconel 718 498
Armco 21-6-9 378
Udimet 700 629
Crucible CG-27 554

44
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3 = TABLIE XI  SUMMARY OF XNOGP? MICROFARINESS DAYA O GIN 34RREL SAWPLES
R IN TBE AS-SWAGED CONDITION AND AFTZR HEAT TREATMENT
%
‘._ E - Kneop Microhardaess, 100g Load
, o : Szmple _Land Traverse Croove Traverse ____Overall
. i Alloy Nuzber Range _ &verage Renge Aversge Renge Average
~ 2 i
- 3 : As Swaged
£ § Inconal 718 126 L46-595 508 392-563 485 392-538 498 :
N .
; ) Armco 21-6-9 226 317-470 388 336-425 367 317-470 378 !
FE Udimet 700 376  586-675 630  597-675 624  586-683 629 :
E Crucible CG-27 452 470-597 544 477-620 563 £40-620 554 3
., F
;
E: He. - Treated H
3 | Inconel 718 126  .63-554 501 469-533 492 462-565 496
% 2
i Armco 21-6-9 226 - - - - - - :
‘ Udimet 700 376 400-470 450 392-478 428 380-478 438 '
- E Crucible CG-27 452 425-495 461 4054-514 467 374-514 464
g i 1
] .‘{ &
AN
-
&
v
1
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Fertbhermore, data show that &the average Keoop microbard-
ness ¢f Inconel 718, Udim=t 700, aed Crucible CE-27 de-
creased rather tham ircreased after heat treztmsnt. Udimst
700 decreased 121 points, while that of Crucible CE&-27
decreased 20 points.

The hardness curves for Incenel 718 ard for
Udimet 700 shown ir Figures 20 ampd 22 iedicate that no
signiticant trend eccurred in hardmess across iand and
groove traverses of the samples in the as-swaged cenditicn
and atter heat treatment.

The curve in Figure 23 {or Cruciblie €&-27
indicates cthat the Lardness oi the samplie ir the as-swaced
and in the heat-treated conditiom is lewest mear the bere
and becomes prograssively higher toward the 0D.

The curve in Figure 21 for Armco 21-6-9 in-
dicates that the hardness of the as-swaged sample is highest
near ihe bore and bacomss progressively iower teward the 0D.

een high-guaiity experilenbai 7.22ma gun
he fn"r alloys were selacied for evelu-
reis seiected accoré:rg o number, zlisy,
and rabed quality are identitvieé in Tabiec XIi. As men-
tioned previousiy, the quality was based on straightness

and on borescopic examination.

Good ri7iing staris approximately 3/42 inch
irea the swaged end and approximately 1-1/4 inches irom ihe
unswaged end oi each gun barrel blank. However. these dis-
tances are approximaie and ousi be measured on each blank.

Test Firing and Analysis of Rotary-Swaged Barrels

As part of a comprehensive program, 7.62na gun
barrels were made of Crucible CG-27 aiioy by drilling and
cold swaging, and by pierce-extrudirg and cold swaging.
Barrels of both ¥60 and M134 configuraiions ware test-iired
in the unplated and chrome-plated conditions. Barrels were
also made of fine-grained CG-27 produced by thermomechanical
treatment and by powWwder metallurgy techniques. The results
of this intensive investigation giving details of fTabrica-
tion and thes evaluation of material and service performance
will be presented in a separate report.
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TABLE XEX. IDERTIFICATION AND QUALITY RATIKE OF
EXPERIMZNTAL 7.62MH €3N BARREL BLARKS

Eun (a)
Barrei Alloy Quaiity Rating
11 Inconel 718 4
13 Inconel 718 2
' 14 inconei 713 3
' i5 inconel 7i8 1
21 Armco 21-6-9 1
23 Armco 21-6-9 3
24 Argco 21-6-9 -
25 Argmco 21-6-8 2
31 Udimet 70C 3
32 Udizmet 700 5
34 Udimet 700 2
35 ddiget 706 4
38 Udimet 700 1
44 frucible CG-27 1
45 Crucible C£5-27 2
()

A rating of (1) indicates the blank with the highest quality
for the particular alloy.
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The cold swagad barrel blanks of the selected
nickel-base a2lloys were completeiy heat treated to develop
optimua mechanical properties. Tksse superailoys, Inconel
738 and Ydimet 700, together with swaged blarks of the
iron-base zlioy, Arzcs 21-6-9. were then finish-machined to
the drawing requirements of the M60 =z2chine gun barrei. The
barrels of these alloys were subjecied to6 severe test-firing
schedulies and then metallurgically examined.

iypical solution treatments and aging cycies wer
epplied to these alloys. Swaged blanks of inconel 718 were
soiution-treated and aged. AfTter each heat treatment, the
blanks were cooled to room temperature, in the furnace, by
influent helium.

Secluvtion treatgent - 1 hour at 1800°F.

Aging treaztment - 8 hours at 1325°F, furnace
cocled apgroximately 190°F/hour o 1150°F,
heldé 8 hours at 1150°F.

Swaged blanks of Udimet 700 were soluticn-ireated,
stabilized, and doubie zged. These barrel bianks were aiso
cooled by helium afier each heest treatment.

Solution trzaimeat - 4 hours at 2150°F.
Stabilization treatment - £ hours at 1975°F.

Aging treatmenis - 25 hours at 1550°F, and 16
hours at 1440°F.

After the complete heat treatments, no distortion
was observed in the bore along the length of the blanks,
even thouch the swaged tubes were porizontally pesitioned
in the heat-treat furnace. Chemical analysis befere and
after heat treaiment indicates no Toss of alloying elements
in the materials.

The parrel blanks of the nenheat-treated Armco
21-6-9 alloy and the heat-treated nickel-base alloys were
finish-macnined to the drawing requirements of the M60 gun
barrel, Rock Island Arseaal Drawing 140241.

The completed gun barrels of the Armco 21-6-9,
Inconel 718, and Udimet 700 alloys were subjected to the
follewing test-firing schedule:




gy

X

PrOS——TE

Fire six 125-round bursts with 10-second cooling
between bursts; air cool fto room temperature. Continue
this schedule until the barrel exceeds velocity, accuracy
or yaw limits, or is otherwise considered unserviceable.

Check for velocity, accuracy, and yaw at the start
of the proegram, after the first 3000 rounds,and after every
750 rounds.

Test-firing results obtained from this schedule
are given in Table XIII. .

TABLE XIII. 7.62MHM M60 BARREL LIFE - FIRING SCHEDULE 1

Test Barrel Haterial Total Rounds Fired yimits Exceeded
Armco 21-6-9 6000 Accﬁracy and yaw
Inconel 718 8600 Yaw
Udimet 700 9800 Yaw

The foilowing more severe firing schedule was im-
posed on additional swaged and heat-treated gum barrels of
Inconel 718 and Udimet 700:

Fire four 300-round bursts with 10-second cooling
between bursts; air cool to room temperature. Continue this
schedule until the barrel exceeds velocity, accuracy or yaw
limits, or is unserviceable.

Check for velo:ity, accuracy, and yaw at the start
of the program and after every 1200 rounds.

The test firing results are given in Table XIV.

TABLE XIV. 7.62MHM M60 BARREL LIFE - FIRING SCHEDULE 11
Test Barrel Material Yotal Rounds Fired Limits Exceeded
Inconel 718 3600 Accuracy and yaw
Udimet 700 5000 Accuracy and yaw
55

Ceammc s T o . n A



Sufficient hcat was generated during each burst
of the test-firing schedule to produce a dull red glow along
the entire length of the barrel surface.

On the bore surface of the test-fired Armco
21-6-9 ailoy barrel, extensive deterioration of the rifling
and intergranular cracking along the entire rifle length
can be observed A view of the bore near the chamber end
of the barrel is given in Figure 24. Microscopic examina-
tion of sections of the bore reveals complete elimination
of the lands, sharp intergranular cracks extending approxi-
mately 0 005 to 0.010-inch beneath the bore surface, and
evosion by grain removal. Cracking and erosion of the bore
near the origin of rifling are showa in Figure 25.

Bore replicas of each test-fired nickel-base alloy
barce! reveal appreciable deterioration oi the rifling,
criginating about 6 to 8 inches from the chamber end and
extending to the muzzle end. A comparison can be made of
the rifling near the chamber and muzzle ends of the bore
from the replicas shown in Figures 26 and 27.

Examination of the test-fired Inconel 718 alloy
barrels near the origin of rifling reveals blunt, inter-
granular, radial cracks originating aiong land-groove junc-
tions and across land surfaces. This evosive condition of
the 'and near the chamber end of the bore is shown in Figure
28 Three of the four lands near the muzzle end of each
barrel are completely eroded The fourth land, Figures 29
and 30, has retained the rifling contour on its lead side
where much friction is produced by contact with advancing
proiectiles

Long, sharp, intergranular cracks occurred at
the bore surface near the origin of rifling of the test-fired
Udimet 700 alloy barrels Similar to Inconel 718 alloy
barrels, these cracks start in land-groove junctions and
grain boundaries across the land surface. Land projection
on the lead side and long cracks, which have become trans-
granular as they penetrate further beneath the bore surface,
are shown 1n Figures 37 and 32. Near the muzzle end in the
bore of the barrel test Tired in Schedule I, a smcoth even
vear occurred which is shown in Figure 33 along with the
lead side cf t¥ single remaining land. In contrast, the
severe erosion by grain removal in the same area of the
Schedule Il barrel is illustrated in Figure 34. Al11 Tlands
have been completely eliminated
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FIGURE 25 Transverse Section of Bore,
1/2 Inch From Chamber, of the 21-6-9
Alloy M60 Gun Barrel after 6000 Rounds
Schedulie I.
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Transverse Section of Bore,
Schedule 1,

2 Inches From Chamber,
Inconel 718 Alloy M60 Gun Barrel after 8600 Rounds

FIGURE 28
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FIGURE 29 Transverse Section of Bore, '
1 Inch From Muzzle End, of
Inconel 718 Alloy M60 Gun Barrel after 8600 Rounds
S~hedule TI.
. i
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FIGURE 32 Transverse Section o7 Bore,

1-1/2 Inches From Chamber, of
Udimet 700 Alloy M60 Gun Barrel after 9800 Rounds
Schedule I




1

3 400%

FIGURE 33 Transverse Section of Bore,

o 1 Inch From Muzzle End, of

253 Udimet 700 Alloy M60 Gun Barrel after 9809 Rounds
Schedule I.

66

L AN

| TS




FIGURE 34 Transverse Section of Bore,
1 Inch From Muzzle End, of
Udimet 700 Alloy 160 Gun Barrel after 5000 Rounds
Schedule 1I.
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Barrels msde of both Incomei 7i3 and Udim=t 760
were retijred frem test firing Secause of excessive yaw.
This yaw is directly atiributabie fo &the wearing away of
the lacds near tke mzzziz end of the barrel. 3in spite ef
cracks, whick form im the maierizi, bBoeth Incenel 712 and
UdimeE 700 sksw excellent resistance 9 brasch-end erssicn.
57 the two, Udimet 700 bas 2 highksr resistance €9 tke en-
virenment impesed by rapid-fire weapons.

CONCLUSIGNS

The folilcwing conclusions are based cn the resulis of
this studv &0 produce 7.62mm rifled gun barreiz from &hree
high-temperature alloys and 2 staimless steel by celd
swaging:

1. High-quality 7.62mn rified gun barreil dlanks of
the four selected ailioys - incomel 718, Arzmce 21-6-9,

Udimet 760, and Crucible CE-27 - can be pre¢duced by csié
swaging in much shorter times fham by cenventicnal machining.

2. The rece=z=mended heat treztmenis For the alleys can
be successiully periormed oz Tuli-lengih as-swaged bBarrei
blanks. C(nemical anz2lysis both Before and aiter heat treat-
ment indicated no loss of alicying elements.

3. The nigh degree o7 coniiguratioral integrity and
the surface Tinish of the rifled bore are additional ad-
vantages o7 roiary swagisng.

4. With the use of rotary-swaging techniques to produce
rifling contours in tubes of high-strengith maierials, &he use
o1 erosion-resistant materials for rapid-iire gun barrels is
feasible.
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APPENDIX B !

DIAMZTER AND STRATGHDMESS DATA
COLD~SHACED GDM BARRELS

S I P S L

The dizmeters of the swaged gun barrels were measured with a

- nmicrozeter at distances of 1-1/2, 8-1/2, 15-3/8, and 22-3/8 inches from

EYre

thz end of the barrel. Twe measurements, 90 degrees apart, were taken

at the four locations to cetermine the degree of out-of-roundness. The

rar kA AR e 2

dizoeter measurenents are givea in Teble B-1.

The straighizmess of the swaged gun barrels was peasured by means
of a dial incdicator. The gun barrels were placed in 2 iathe zand the
indicator was mwoved zlong the leagth of the barrel in four traverses
90 degrees apart. Readings were tzken along the traverses at distances of
1-1/2, 8-1/2, 15-3/3, znd 22-3/8 inches from one end of the barrel. The
indicator readings are givem in Tebles B-2 through B-5. ‘The first indicator

reading was tzken as the zero poiant. The total indicator reading (TIR) is
given for each traverse.

:
i
i
3
;
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